Introduction
Water deficit is a frequent abiotic stress factor during cereal development. Poor water supplies in the early phases of development may substantially limit the survival of the plants, rate of growth and biomass production. Plants have developed strategies to cope with drought stress, based on avoidance and tolerance [1] .
Early responses to water deficit include the accumulation of physiologically active compounds, or osmolytes in the cells, helping the organs to retain water [2] [3] [4] . As a consequence of drought stress the concentration of proline in plant leaves may increase to 80% of the total free amino acid content [5] . In response to severe drought stress, a rapid decline in the chlorophyll and protein contents may occur [6] , accompanied by a rise in the proline level and the accumulation of simple sugars (e.g. sucrose, glucose and fructose) [2, 7] .
Stomatal closure aimed at preventing water loss through transpiration may, however, result in the inhibition of CO 2 exchange, leading to reduced assimilation. On the other hand, despite the drought stress, the photosynthetic electron transport may remain at a relatively high level for a period depending on the level of tolerance. However, the lack of equilibrium between electron transport and CO 2 fixation may lead to electrons being transferred to O 2 molecules. Although these mechanisms protect the components of the electron transport chain from photodamage, the reactive oxygen species (ROS) generated may react with cell materials. ROS act as signal molecules and directly or indirectly induce a variety of genes involved in stress signalling [8, 9] . If water deficiency develops at a slow rate the antioxidant mechanisms are able to reduce tissue damage to a minimum, while rapid drying out may result in severe, possibly lethal damage [10] . Hardening, a low level of stress during the course of development), may promote tolerance and adaptation [11] .
Investigations involving wheat species and varieties have detected increases in the activity of glutathione reductase (GR), superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and non-specific peroxidase (guaiacol peroxidase, POD), but the changes in the functioning of these enzymes are diverse [12] [13] [14] [15] . There is not always a clear relationship between the level of tolerance and the activity of the antioxidant enzymes, although correlations have been detected in some studies, and research on stresses other than drought also suggest the existence of such a relationship in some varieties [16] . The activity of GR and CAT was the highest in the tolerant wheat varieties and lowest in those with poor tolerance [17] . Drought tolerance was found to be correlated with lower water content and the aboveground biomass in field experiments [18] . Nevertheless, although greater activity was observed in vitro for several enzymes (APX, SOD, GR) in tolerant varieties, no clear correlation could be demonstrated by the authors between the level of tolerance and the antioxidant system in the field.
Despite the great volume of data, the question of whether the changes in the antioxidant enzyme system due to stress have a predictive value for the level of tolerance or whether it is the lack of tolerance that triggers the antioxidant mechanisms remains unsolved. The aim of the present experiment was thus to clarify this situation by studying physiological changes in relation to soil water level. The synchronism of the changes was investigated for the following parameters: soil water decrease, leaf water content, net assimilation rate and the functioning of the antioxidant enzyme system in different cereal species and varieties.
Experimental Procedures
The experiment was conducted under controlled environmental conditions in a Conviron PGV-36 growth chamber in the Agricultural Research Institute of the Hungarian Academy of Sciences, Martonvásár, Hungary.
Winter wheat (Mv Mambo, Mv Regiment), spring wheat (Lona), winter barley (Petra) and winter durum (Mv Makaroni) varieties were selected for the tests as representatives of various species adapted to Central European climatic conditions, but nevertheless exhibiting diverse levels of tolerance to drought stress according to preliminary studies on biomass and grain yield components. Four seedlings in the oneleaf stage were planted directly (spring wheat) or after vernalization at 4°C for 42 days (winter genotypes) in each 3-litre pot containing a 3:1:1 mixture of garden soil, Vegasca and sand. The pots were placed randomly in the growth chambers and rearranged regularly throughout the experiment. The plants were watered daily and supplied with nutrients (Volldünger solution, Linz, Austria) in tap-water three times weekly till the beginning of the first stress treatment, according to the dosage specified by the manufacturer. The temperature regime changed weekly ("t2" and "ny2" programmes in [19] ) beginning with a min/max/mean of 10/12/10.7°C during the first week and increasing until it reached 20/24/22.7°C (in the maturation period). The maximum photosynthetic photon flux density increased from 280 to 400 µmol *m -2 *s -1 . To examine the effects of drought in the same stage of grain-filling, water was withheld for seven days starting from the 10th day after the heading of each genotype (Zadoks 59, or 49 in the case of barley [20] ). Mv Regiment, which headed earliest, received water stress at 20°C, while all the rest of the genotypes were stressed at 22°C maximum daily temperature. Light was set to 350 µmol *m -2 *s -1 maximum PPFD for all the varieties during the stress period. The change in soil water content was monitored throughout the experiment with an EC-5 soil moisture sensor and EM50 data logger (Decagon Devices, USA). All measurements were taken periodically between soil moisture content (VWC) of 6-30%. For most varieties, this corresponded to days up to 3-4 following the commencement of drought treatment. The only exception was Mv Regiment, which was treated at 20°C and in which the drying out of the soil took place much more slowly, taking about 6 days, so samples were collected between days 3 to 7. A soil volumetric water content (VWC) of 20-30% was taken as the control.
At various soil moisture levels, photosynthesis was measured with a LI-6400 portable photosynthesis system (Licor, Lincoln, Nebraska, USA) on the flag leaves of each of the four plants in each pot, and plant material was collected. The water use efficiency (WUE) was calculated as the ratio of net assimilation rate to transpiration. 0.5 g leaf samples were cut from the middle regions of the flag leaves (from different pots on each occasion) and kept at -80°C until they were analyzed for water content and antioxidant enzyme activities. The absolute leaf water content was determined after one hour of desiccation at 130°C, while antioxidant enzyme measurements were carried out on five replicates according to the spectrophotometric protocols used by Janda et al. [21] for glutathione reductase (GR), glutathione-S-transferase (GST), guaiacol peroxidase (POD), catalase (CAT) and ascorbate peroxidase (APX). Leaf extracts were homogenized with sand in 2.5 ml icecold 0.5 M Tris-buffer, pH=7.5, containing 3 mM MgCl 2 , 1 mM EDTA and clarified for 20 min at 12,000 rpm.
Glutathione reductase activity was determined as the change in absorbance at 412 nm [22] , in 1 ml of 75 mM Na-phosphate buffer (pH=7.5), 0.15 mM diethylene triamine pentaacetic acid (DTPA), 0.75 mM dithionitrobenzoic acid (DTNB), 0.1 mM NADPH, 0.5 mM oxidized glutathione and 50 µl extract. Glutathione-Stransferase activity was measured at 340 nm in a final volume of 2.65 ml made up from 75 mM Na-phosphate buffer (pH=6.5), 1mM EDTA, 1.038 mM 1-chloro-2,4-dinitro-benzole (CDNB), 3.74 mM GSH and 100 µl plant extract. The non-specific (guaiacol) peroxidase activity (POD) was determined at 470 nm [23] in 3 ml of 0.88 mM acetate buffer (pH 5.5), 0.88 mM guaiacol, 0.0375% H 2 O 2 and 50 ml plant extract. Catalase activity was determined from the decrease in absorbance at 240 nm according to Janda et al. [21] in a 3 ml reaction mixture of 0.44 M Tris-HCl (pH=7.4) and 60 µl plant extract after the addition of 0.0375% H 2 O 2 . Ascorbate peroxidase activity was measured as the change in absorbance at 290 nm due to the decline in ascorbate in 2.25 ml of 0.2 M Tris-HCl (pH=7.8), 5.625 mM ascorbic acid, 50 µl extract and 0.042% H 2 O 2 [24] .
Logarithmic or polynomial functions were used to describe the relationship between the level of water stress and the changes induced in the various parameters. Correlation analysis was used to explore the relationships between drought and antioxidant enzyme activity.
Results

Rate of leaf water loss during drought stress
As the different genotypes, belonging to different species, were markedly different in morphology and phenological development, there was a 13-day delay between the heading of the earliest and the latest genotype and thus in the starting date of the drought stress treatments. The average heading date was day 68 after planting in Mv Regiment, day 76 in Mv Mambo and Lona, and 81 in Petra and Mv Makaroni.
The water content in the flag leaf at 20-30% soil moisture (VWC) was 77-82% in the majority of the varieties (Figure 1 ). At lower water supply levels, however, the leaves tended to lose water at different rates in the different genotypes. At medium water stress, around 10% soil VWC, all the varieties retained a water content of about 75%, but after that rapid changes took place and some genotypes lost moisture very quickly. Under very intense drought the plants became stressed and clearly visible differences in the wilting point were detected between the varieties, which made it possible to rank the genotypes according to their sensitivity to soil water deficit. There was, however, little variation between the more sensitive genotypes. Varieties with lower water retention capacity started to wither after 3-4 days. The most sensitive genotype, Petra, exhibited a severe drop in the leaf moisture content to only 65% at around 7% soil VWC, while Lona lost water at a more moderate rate. In Mv Makaroni, wilting started a little later, on day 4, and the leaf water content remained above 67% even under more severe drought stress (at around 5% VWC). The two winter wheat varieties tolerated drought conditions most efficiently. Mv Regiment lost little water, though the decline was in linear relationship to the soil water content. The plants did not start to wilt until the 5-6 th day, while Mv Mambo was able to maintain normal functioning for 6 days without losing turgor pressure in the upper leaves, even though soil water levels were below the detection limit after day 4.
Stability of photosynthesis and rate of transpiration under water stress
The change in the rate of CO 2 assimilation due to decreased soil moisture content was very similar to that of the leaf water loss (Figure 2) , although it showed a faster response. The sensitive varieties, Petra, Lona and Mv Makaroni, reacted to soil water deficit with a rapid decline in the assimilation rate, which was closely related to the rate of leaf water loss. As in the case of water retention, Petra was the least and Mv Makaroni the most tolerant of the three in terms of photosynthesis. All these three genotypes had a high rate of photosynthesis when grown with normal water supplies and Mv Makaroni and Lona also had a very high transpiration rate. Transpiration usually started to decrease at a much earlier phase of soil water deficiency than assimilation; it was markedly lower around 15% soil VWC, but in some varieties a much lower transpiration rate was already detected at 20%, before photosynthesis was significantly altered as a result of partial stomatal closure. Some genotypes had relatively less intense transpiration, while they had a high rate of photosynthesis (Mv Mambo, Petra). In Mv Regiment transpiration was very high compared to the other genotypes, while net assimilation was relatively low. Mv Mambo had an extremely low transpiration rate even at the control soil water level, decreasing only slowly due to water limitations, while the rate of photosynthesis was moderately intense under control conditions but was the highest of all the genotypes under severe drought stress. This suggests that Mv Mambo had more effective photosynthesis and better water use efficiency than the other varieties. Petra also had a relatively low ratio of water use to photosynthesis at 20% soil VWC, but this variety had very poor water retention capacity under stress, as it tended to lose water very quickly. Under mild stress, however, Petra had a markedly enhanced WUE, which decreased sharply even at medium soil water levels ( Figure 3 ). Mv Makaroni also showed a moderate increase in water use efficiency parallel to the development of drought up to medium stress level. Lona had a lower value of WUE, which remained unchanged, as did that of Mv Regiment, which had the lowest WUE values.
Response of the antioxidant enzyme system to water deficiency
The antioxidant enzyme system was strikingly different in the different genotypes even at the control level, although this was most probably due more to the fundamental characteristics of the species than to variation within the given species. The lowest antioxidant enzyme activities were recorded in the winter barley, Petra, which was the most sensitive genotype to low soil water supply (Figure 4) . Although the winter durum wheat, Mv Makaroni, had better drought tolerance, the basic activity levels were very low as in Petra, with few exceptions (CAT-APX). Bread wheat varieties, whether of winter or spring types, had high basic antioxidant enzyme activities. The most tolerant variety, Mv Mambo, had the highest activity for APX, GR and GST, exceeding that of Mv Regiment or Lona (P<0.004-0.057, T-test), and its CAT activity was also one of the highest. POD, however, was significantly more active in Lona, one of the most sensitive genotypes, than in Mv Mambo. The values for the other antioxidant enzymes in Lona did not differ statistically from those of Mv Regiment, despite the apparent difference in resistance between the two varieties. Lona, which had relatively high antioxidant capacities at control water levels, showed a moderate increase in activity parallel to the severity of drought stress, similar to the tendency observed in Mv Regiment. Based on the above, it can be stated that low or high values of antioxidant enzyme activities did not directly imply poor or good resistance to water deficit, even if the most resistant genotype did indeed have the highest control antioxidant enzyme activities and the most sensitive one had the lowest values.
When subjected to water deprivation, genotypes with lower basic activities tended to increase their antioxidant enzyme levels when undergoing stress, i.e. decreasing soil moisture only resulted in an increase in the antioxidant enzyme activity when the plants had lost a substantial amount of water and photosynthesis had declined considerably. Petra, for example, showed a fast increase (CAT, APX, GR), while Mv Makaroni, despite its low activity, was stable much longer for all the enzymes, in accordance with its better water retention capacity and more stable photosynthesis.
As their basic antioxidant capacities were higher, the activity levels of the wheat varieties did not increase as greatly as in the other species as a result of drought stress. In fact Mv Mambo, the variety with the best resistance to drought, had a very stable antioxidant enzyme activity level, which did not tend to increase at all. It thus seems that the reason for good or poor resistance to drought stress is not the state of the antioxidant system. Instead, it is the stress state developed in the plants that causes the change in the antioxidant system. Therefore, the stability of the antioxidant enzyme system was a much better indication of resistance.
Although the activity of most enzymes changed during water stress, peroxidases (POD) did not become more active. The difference between the genotypes tended to remain constant during the drought treatment ( Figure 4 ). In contrast, the level of GR activity was fairly high and similar in the different genotypes under severe drought, though it was very diverse at control soil water levels. APX showed a rather similar pattern, while CAT activity was less variable at normal water supplies but increased to various extents depending on the variety, possibly to deal with the higher level of photorespiration. Although the GST activity increased slightly during drought stress in most varieties, it decreased in Mv Mambo.
Correlation between antioxidant enzyme activities and soil water content
As the relationship between soil moisture content and antioxidant enzyme activities was rarely linear, there was seldom a significant correlation between these two parameters. In Lona, however, due to the linear increase, GR, GST and CAT became significantly higher with increasing soil water deficit ( Table 1) . In Petra, the strongest correlation (negative) was found between APX and soil water content. In contrast, there was a positive relationship between GST and soil water level in Mv Mambo. Despite the discrepancy in the nature of the relationship between water stress and the changes in the antioxidant system, greater linearity was observed when the changes in the individual enzyme activities were compared during water stress. In all the genotypes there was a positive correlation, significant at least at the P=0.1 probability level, between the GST and GR activities, irrespective of how the individual enzymes changed due to soil water deficit, as GST and GR always exhibited similar changes. CAT also showed a very similar relationship to GR, except in Mv Mambo, which had the best tolerance to water deficit, while APX activity was correlated with GR activity in Mv Mambo, Mv Makaroni and Petra. In Petra, most enzymes increased with the severity of drought stress resulting in significant positive correlations between the majority of the enzymes. In Mv Makaroni, the activities changed in a similar manner, but only under more severe drought stress. This again resulted in significant correlations between the enzymes.
Discussion
Although the antioxidant system is known to play a vital role in eliminating the reactive oxygen species produced in greater amounts during physiological stress, there is some disagreement on how the antioxidant system changes due to drought, as there is not always a clear relationship between the level of tolerance and the activity of the antioxidant enzymes.
In the present study, considerable differences in the antioxidant enzyme activities were observed between the genotypes, even at the control soil water supply. Wheat varieties had the highest basic enzyme activities, while in the other species (durum and barley) the activities were about half the value or even less. Accordingly, the largest increases were observed in genotypes which had low initial activities, but only when physiological constraints had evolved.
Petra, which had the lowest antioxidant enzyme activities and which was the most sensitive genotype in terms of water retention at lower water supply levels, responded with a pronounced increase in the antioxidant enzyme activities in a very early phase. Mv Makaroni, which also had low enzyme activity, was more drought tolerant than Petra, and also exhibited increased enzyme activities, but much later.
The most resistant genotype of all (Mv Mambo, winter wheat) had the highest antioxidant enzyme activities for CAT, APX, GR, GST at the control soil water level. These activities, however, did not increase any further or even decreased slightly due to drought stress, similarly to what was found for a wheat variety by other authors, where suppression due to osmotic stress was reported in the CAT and POD enzymes [25] .
There was some discrepancy between the characteristics of the other two wheat varieties tested here, which did not differ significantly from each other for most of the enzymes, despite the fact that one was a sensitive and the other a moderately tolerant variety, while the susceptible variety had the highest values of all the genotypes for the non-specific peroxidase activity under both control and drought conditions.
The results found here are in accordance with previous findings, where tolerant genotypes tended to have higher antioxidant enzyme activities at control water levels than susceptible ones [13, 17, 26] , though there were also exceptions for the investigated enzymes (SOD, GR and CAT) for individual genotypes of wheat [17] . This discrepancy was confirmed under drought conditions.
In the case of stress-induced activity values, the findings of some authors satisfied expectations that higher activity would result in enhanced tolerance. The activity of GR and CAT, for instance, was found to be highest in resistant wheat varieties and lowest in those with poor tolerance [17] . In another study the genotype with the highest APX, GR and POD activities suffered the least damage during drought, while that with the lowest activities experienced the most severe oxidative damage [13] . Other authors, however, reported that CAT and POD activities were not significantly altered by drought stress, while GR and APX increased slightly [11] .
In the present study, GR, APX and CAT activities were found to change to the highest extent due to drought stress, while GST changed much less and the non-specific peroxidase activity remained very similar to the control values, as was described by some authors [11, 25, 26] but not by others [13] . The data presented here also demonstrated that changes in the antioxidant enzyme activities were detected only after a considerable decline in transpiration, followed by a decrease in the net assimilation rate.
The present increases in GR are in agreement with previous studies [11, 13, 17 and for mild drought stress: 26]. The suggestion that APX activity may increase under drought stress [11,13, for mild drought stress : 26] was confirmed by the present findings.
The response of CAT is more contradictory, with both increases [17,26: mild stress] and decreases [25,26: severe stress] being reported. As CAT is required to cope with the high photorespiratory flux induced by stress [27] , a more pronounced increase was detected in the present work in genotypes with low basic activity.
The largest increases in the enzyme activity were observed for APX and CAT and in Mv Makaroni and Petra, the genotypes with the lowest basic activity values, but the dominance of these enzymes was different in the two varieties. Mv Makaroni, where the increase in CAT activity was much less pronounced than in Petra, was probably less prone to photo oxidative damage (continuing to photosynthesise much longer during drought stress). APX activity, which has a broader role in neutralising the H 2 O 2 localised in different parts of the cell, showed an increase in most genotypes, reaching the highest values in Mv Makaroni (but only under severe stress). This high responsiveness of APX activity was in accordance with previous findings [28] , which attribute the scavenging of H 2 O 2 mostly to APX.
As reported for heat-stressed plants [29] , the GST activity also increased under drought stress in Petra (very sensitive), Lona (sensitive) and Mv Regiment (moderately tolerant), which emphasizes the importance of this enzyme in antioxidant defence via the production of GSH conjugates and participation in the neutralization of organic peroxides [30] . This enzyme was also found to correlate with GR activity in the course of drought in all the genotypes, which underlined the fact that it could have an important function during drought stress. GR activity was also correlated with that of CAT (with the exception of the most resistant genotype, where the activities were mainly unchanged) and APX (in the resistant wheat variety and in barley and durum).
The diverse reactions observed in different studies might be due to the different characteristics of the individual genotypes. As the genotypes used in the present experiment were very diverse and belonged to several species, there were considerable differences in morphology, which also had some bearing on physiology and the rate of leaf water loss. Some genotypes, however, were definitely better adapted to drought conditions than others. Mv Mambo, a winter wheat variety, had excellent tolerance of drought and was the last to start losing water. Under severe stress it lost far less moisture than the other genotypes and continued to photosynthesise at much lower soil water levels than the others. This could be the result of adaptation mechanisms, as this genotype exhibited extremely low stomatal conductance even at control water levels, despite an efficient rate of photosynthesis. Mv Mambo is well known for its good adaptability, earliness and very high yielding capacity even under less favourable conditions. This raises the possibility that this genotype has a more effective photosynthetic apparatus than the majority of varieties.
Data have shown that prolonged mild stress is less harmful than short-term exposure to severe water deficit [31] . It is probable that Mv Regiment, the other winter wheat variety, which performed quite well when subjected to water deficiency at 20°C, would have been less tolerant if stressed at 22°C, like the other genotypes. In this case, drying-out would have taken place faster and more severe stress conditions would have been generated for Mv Regiment.
Some other varieties, however, might also have done better in the field than with the artificially limited water supply in the present experiment, in consequence of a mixture of avoidance and tolerance strategies, as suggested in the literature [1] . Barley, being very early, can avoid drought later in the vegetative period, while its deeper rooting system can extract water even from lower soil reservoirs. The very intense drought shock conditions created in the present experiment led to rapid stomatal closure and a fast decline in photosynthesis, resulting in a steep increase in the antioxidant enzyme activities in the barley genotype. All the enzymes investigated showed a positive response, as reported by other authors [12] [13] [14] , though the magnitude differed for the individual enzymes. Petra proved to be defenceless against such severe water deficiency, but it is less likely to face such conditions in the field than species with a slower rate of phenological development, such as bread or durum wheat. As barley genotypes accumulate organic matter at a very fast rate from the earliest phenological stages, they simply enter the maturation phase in the case of severe water deficiency. As water deficit evolves over a much longer period under field conditions, barley does not usually suffer a substantial loss from forced ripening.
Likewise, data from earlier pot experiments on changes in biomass and grain yield due to drought stress ( [32] and unpublished data) did not confirm a clear relationship between yield losses and either the basic or induced levels of the antioxidant enzyme system. Yield losses were more in accordance with the characteristics of the individual genotypes, i.e. with the biomass accumulation rate before and during heading and allocation processes from the reserves or depended on the length of the ripening period.
Although the present work underlined the significance of the antioxidant system in dealing with stress, the data also emphasized the importance of the stability of enzyme activities rather than the level of basic activity or the magnitude of increase due to water deficit. Although all the antioxidant enzymes had high activity levels in the most resistant genotype, this was not the cause of the resistance of this variety. Instead, other physiological features might have determined its high physiological stability (in terms of both photosynthesis and water retention capacity) even at low soil water levels. Further investigations are needed to determine the underlying mechanisms, such as a possible difference in the components or functioning of the photosynthetic apparatus, as can be presumed from the low stomatal conductance vs. high rate of assimilation found here.
